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Migratory bats are attracted by red light but not by warm- 
white light: Implications for the protection of nocturnal 
migrants



















The	 replacement	of	conventional	 lighting	with	energy-	saving	 light	emitting	diodes	
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1  | INTRODUC TION
Globally,	 average	 light	 emissions	 in	 outdoor	 environments	 grow	
at	a	 rate	of	6%	per	year,	which	has	unforeseen	and	poorly	under-
stood	 consequences	 for	 the	 biodiversity	 of	 ecosystems	 (Davies	&	
Smyth,	2017;	Hölker,	Wolter,	Perkin,	&	Tockner,	2010;	Kyba	et	al.,	
2017;	Rich	&	Longcore,	2013).	Natural	light	is	an	important	driver	of	
physiological	processes	 in	animals	and	a	cue	for	orientation	 in	 the	
environment.	 Light	 controls	 circadian	 rhythms,	 and	 thus	 behavior,	





tury	 (Rich	&	Longcore,	2013).	For	example,	 it	 is	a	well-	established	
fact	that	insects	get	lured	by	street	light	and	then	might	die	at	the	
light	 source	because	of	collision,	exhaustion,	or	predation.	One	of	
















of	 the	 light	 source	 (red,	 green,	 and	white).	 Slow-	flying	bats	of	 the	










attracted	 to	 green	 light	 when	 migrating.	 Specifically,	 Voigt	 et	al.	
(2017)	showed	that	the	activity	of	the	two	most	migratory	species	
Pipistrellus nathusii	 and	 P. pygmaeus	 increased	 by	 more	 than	 half	
when	being	exposed	 to	green	 light	 sources	compared	 to	darkness	
when	flying	along	a	major	migration	corridor	at	the	shoreline	of	the	
Baltic	 Sea	 in	 Latvia.	 This	 response	 behavior	 was	 independent	 of	
hunting	activity	and	thus	resembled	phototaxis.
Here,	 we	 studied	 the	 effect	 of	 red	 and	 white	 LED	 on	 wild	
migratory	bats,	 because	 these	 light	 sources	 are	more	 commonly	
used	for	outdoor	lighting	than	the	previously	studied	green	light.	
Indeed,	 ALAN	 based	 on	 these	 two	wave	 length	 spectra	 is	 com-





areas	 is	visible	over	relatively	 long	distances	 (Falchi	et	al.,	2016).	
Other	far-	reaching	light	sources	are	more	pointed	and	less	diffuse	













sii),	 Soprano	 bats	 (P. pygmaeus),	 Common	 noctule	 bats	 (Nyctalus 
noctula)	 can	 be	 observed	 in	 August	 and	 early	 September	 along	
the	 Eastern	 shorelines	 of	 the	Baltic	 Sea	 (Ijäs,	 Kahilainen,	 Vasko,	
&	Lilley,	2017;	Pētersons,	1990,	2004).	Some	of	these	species	can	
travel	up	 to	2,000	km	 from	their	 summer	 roosts	 to	 their	winter-
ing	 grounds	 and	 are	 exposed	 to	 a	wide	 range	of	 illuminated	 en-
vironments	 when	 migrating	 over	 Central	 and	 Western	 Europe	
(Pētersons,	 1990,	 2004).	 Here,	 we	 used	 the	 same	 experimental	
setup	 at	 the	 migration	 corridor	 in	 Latvia	 as	 described	 by	 Voigt	
et	al.	(2017),	but	switched	the	light	source	from	green	wave	length	
spectra	to	LED	emitting	light	in	the	red	and	white	spectrum.	The	
wavelength	composition	 in	 the	red	spectrum	was	similar	 to	con-
ventional	red	aviation	light	installed	globally	(Breckenridge,	1967).	
Specifically,	 we	 installed	 three	 poles	 with	 ultrasonic	 recorders	
along	 a	 46	m	 transect	 line	 rectangular	 to	 the	 flight	 direction	 of	
migrating	bats.	One	pole	was	erected	at	each	end	of	this	line	and	
one	pole	in	the	center.	The	central	pole	carried	a	white	board	that	
was	 illuminated	 by	 LED	 light	 of	 one	 specific	 type	 (red	 or	warm-	
white)	in	10-	min	intervals.	If	migratory	bats	are	attracted	toward	
red	or	warm-	white	LED,	we	expected	to	 record	a	higher	activity	
of	bats	directly	at	the	 light	source.	 If	 this	attraction	 is	 related	to	
feeding	 activity,	 we	 expected	 to	 record	 more	 so-	called	 feeding	
buzzes	 when	 the	 light	 treatment	 was	 switched	 on	 compared	 to	
dark	control	periods	at	the	central	pole	carrying	the	light	source.	
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2  | MATERIAL S AND METHODS
We	conducted	our	experiment	at	the	Pape	Ornithological	Research	
Station	in	Southwest	Latvia	(56°10′N	020°55′E)	under	the	licences	
Nr.31/2016-	E	 from	 6	 July	 2016	 and	 Nr.33/2017-	E	 from	 19	 July	
2017	 issued	by	 the	Latvian	Nature	Conservation	agency.	The	 sta-
tion	is	part	of	the	Pape	Nature	Park	and	located	between	the	Pape	
Lake	and	the	Baltic	Sea	Coast	and	according	to	a	recent	survey	not	
affected	 largely	by	diffuse	 skyglow	 (Falchi	et	al.,	2016).	Each	year,	
thousands	of	bats	pass	the	coastal	corridor	during	summer	migration	
in	August	and	early	September	(Pētersons,	1990;	Rydell	et	al.,	2014;	
Steffens	 et	al.,	 2004).	 Migratory	 bats	 commonly	 observed	 at	 this	
site	 are	 P. nathusii,	 P. pygmaeus,	N. noctula	 and	Vespertilio murinus. 
Nonmigratory	bats	such	as	Plecotus auritus,	Myotis brandtii,	M. nat-
tereri,	Eptesicus nilssonii	also	occur	(Pētersons,	1990).
2.1 | Experimental setup
We	 performed	 our	 study	 between	 10	 August	 and	 6	 September	
2016	 at	 an	 open	 area	 (meadow)	 next	 to	 the	 Heligoland	 trap	 of	
the	 station.	 Three	 8	m	 high	 poles	 were	 set	 up	 at	 a	 distance	 of	
23	m	 from	one	another	 along	a	 line	 that	was	 rectangular	 to	 the	
shoreline,	and	thus	rectangular	to	the	migration	direction	of	bats.	
The	 westward	 pole	 (seaside)	 was	 at	 100	m	 distance	 from	 the	
Baltic	Sea.	Each	pole	was	equipped	with	an	Electret	Ultrasound	
Microphone	(Avisoft	Bioacoustics/Knowles	FG,	Berlin,	Germany)	




4	m	above	 the	ground.	We	equipped	 this	board	with	 two	paral-
lel	 LED	 lines	 each	 consisting	 of	 eight	 strips	 of	warm-	white	 LED	
and	 eight	 strips	 with	 red	 LED	 lights.	 Each	 strip	 carried	 28	 LED	
(revoART	®	e.K.,	Borsdorf,	Germany).	The	lateral	poles	were	lack-
ing	any	 light	 source.	We	measured	 the	 spectral	 compositions	of	
the	 LED	with	 a	 spectrometer	 (type	 CAS140CT,	OSA	Opto	 light	
GmbH,	Berlin).	The	red	LED	had	a	dominant	wavelength	at	623	nm	









deviation)	 for	 the	 red	and	a	value	of	3.3	±	0.17	lx	 for	 the	warm-	
white	LED	light.
The	 illumination	 was	 programmed	 to	 start	 at	 dusk	 (9:30	pm)	
and	 to	 stop	 at	 dawn	 (5:30	 am),	with	 an	 alternating	 on/off-	rhythm	
every	 10	min.	 The	 light-	off	 intervals	were	 used	 as	 a	 dark	 control.	
Whenever	the	light	was	switched	on,	the	acoustic	recorder	received	




colors	 (first	 red,	 then	white,	or	 first	white,	 then	 red).	Bat	EC	were	
recorded	with	 the	 Avisoft	 –	 RECORDER	USGH	 software	 (Avisoft	





that	 the	 majority	 recordings	 included	 migratory	 and	 not	 resident	
bats.	This	period	 is	hereafter	 referred	 to	as	peak	migration.	Three	
nights	 were	 excluded	 from	 further	 analysis	 because	 the	 record-
ings	were	not	activated	due	to	technical	problems	or	advert	ambi-
ent	 conditions	 (heavy	 rainfall	 and	 strong	winds).	 Furthermore,	we	
excluded	 the	29	August	 2016	 from	 further	 statistical	 analysis	 be-
cause	of	 low	flight	activity	 (22	EC	 in	total	 for	this	night).	We	used	
Avisoft-	SAS	 Lab	 Pro	 (Aviosoft	 Bioacoustics,	 Berlin,	Germany)	 bio-
acoustics	 software	 for	 analyzing	EC.	 In	 a	 first	 step,	we	eliminated	
all	sound	files	with	erroneously-	recorded	noises,	such	as	insect	calls	
or	background	noises	in	the	ultrasonic	range.	In	a	second	step,	bat	
species	were	 identified	based	on	 their	 characteristic	 EC	using	 the	
automatic	bat	species	identification	tool	in	Avisoft-	SAS	Lab	Pro.	For	





among	others)	for	P. nathusii,	24	for	P. pygmaeus,	four	for	P. auritus,	
seven	for	M. brandtii,	six	for	M. nattereri,	10	for	N. noctula	and	eight	
for	N. leisleri	as	well	as	eight	for	E. nilssonii	and	10	for	V. murinus.	To	
avoid	incorrect	species	identification	(Russo	&	Voigt	2016),	we	con-
firmed	 and,	 if	 necessary,	 corrected	 all	 identified	 calls	manually	 by	
visual	 inspection	 of	 the	 recordings.	We	 calculated	 the	 cumulative	
number	of	EC	for	each	microphone	(pole),	each	light	spectrum	and	
each	light-	on/light-	off-	interval.	As	the	call	characteristics	of	species	
of	 the	 genera	Nyctalus,	Eptesicus	 and	Vespertilio,	 and	 those	 of	 the	







All	 statistical	 analyses	were	 conducted	 using	 R	 3.3.3	 (R.app	 GUI	
1.69	(7328	Mavericks	build),	S.	Urbanek&	H.-	J.	Bibiko,	©	Team,	R.C.,	
2016),	 using	 the	 following	 packages:	 glmmADMB	 (Bolker,	 Skaug,	
Magnusson,	&	Nielsen,	2012),	 bbmle	 (Bolker	&	Bolker,	 2017)	 and	
glmulti	(Calcagno,	Calcagno,	Java,	&	Suggests,	2013).	To	correct	for	
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the	effects	of	varying	weather	conditions	on	the	flight	activity	of	




average	of	 temperature	 (°C),	daily	rainfall	 (mm),	wind	speed	 (m/s),	
wind	direction	 (0–360°,	16	segments)	and	 lunar	phase	 (converted	














version	 0.8.3.3)	 to	 handle	 excess	 zeros	 (zero-	inflation)	 and	 overdis-












To	 investigate	whether	 the	 effect	 of	 light	 is	 correlated	with	 a	
higher	insect	density	or	a	positive	phototaxis,	we	calculated	the	ratio	
between	the	number	of	FBs	and	the	total	number	of	EC	for	each	of	



















activity,	 and	 therefore,	 these	 factors	 were	 excluded	 from	 further	
analysis.	A	GLM	detected	a	 correlation	of	 the	 total	 number	of	EC	

















An	 interaction	 between	 night	 half	 and	 flight	 activity	 did	 not	
turn	 significant	 for	 any	 species/species	 group	during	 the	 red	 light	
treatment	 (P. nathusii: χ2	=	0.35,	 df	=	1,	 p = 0.56; n = 16; P. pyg-
maeus: χ2	=	0.03,	df	=	1,	p = 0.86; n = 14; Nyctaloid: χ2	=	0.01,	df	=	1,	
p = 0.93; n	=	15)	as	well	as	during	the	white	light	treatment	(P. nathu-
sii: χ2	=	0.66,	df	=	1,	p = 0.42; n = 16; P. pygmaeus: χ2	=	1.82,	df	=	1,	








switched	on.	Compared	 to	 the	dark	 control,	 EC	 activity	 increased	
by	 73%	 in	 P. pygmaeus	 when	 red	 LED	 was	 switched	 on	 (Table	1).	






















Red LED Warm- white LED
p- Value z- Value p- Value z- Value
P. nathusii Seaside 0.62 0.5 0.64 2.94
Central 0.08 1.77 0.56 −0.58
Landside 0.16 1.39 <0.01 2.73
P. pygmaeus seaside 0.10 1.63 0.83 −0.22
Central 0.03 2.24 0.70 0.39
Landside 0.98 −0.02 0.19 1.31
Nyctaloid Seaside 0.76 0.31 0.68 1.31
Central 0.35 1.22 0.25 1.15

































3.4 | Feeding activity at LED lights
In	total,	we	recorded	139	feeding	buzzes	in	16	of	the	17	recorded	mi-
gration	nights,	most	of	which	were	produced	by	individuals	of	P. na-
thusii (n	=	134	FB),	followed	by	P. pygmaeus (n	=	3)	and	the	Nyctaloid 
group	 (n	=	2).	 Except	 for	 hunting	 activity	 of	 P. nathusii,	 feeding	
buzzes	 of	 all	 other	 bat	 species	were	 too	 rare	 in	 order	 to	 conduct	
statistical	 testing.	For	 the	 red	LED	 treatment,	we	did	not	observe	
a	significant	difference	in	the	number	of	feeding	buzzes	in	relation	
to	the	overall	EC	activity	for	P. nathusii	between	the	light-	on	treat-
ment	compared	 to	 the	dark	control	 (Z	=	29,	n	=	8	nights,	p	=	0.12).	



















4.1 | Migration phenology and species composition
In	general,	migration	activity	varied	largely	between	days	during	the	
experimental	 period.	 Flight	 activity	 of	 bats	 correlated	 negatively	
with	daily	 rainfall	and	wind	speed,	but	not	with	ambient	 tempera-










group	 Nyctaloid,	 which	 includes	 most	 likely	N. noctula,	 V. murinus 
and	E. nilssonii;	 four	bat	 species	commonly	captured	 in	 the	nearby	
Heligoland	 trap	of	 the	 station.	About	2%	of	 all	 recorded	EC	were	
emitted	by	P. pygmaeus;	 a	 species	 that	 is	 not	well	 recognized	 as	 a	
migratory	species	in	the	literature,	yet	which	shows	a	profound	mi-
gration	phenology	at	our	study	site.
4.2 | Response of migratory bats to red LED light
For	 the	 red	 LED	 treatment,	we	 recorded	 significantly	more	 EC	 of	
P. pygmaeus	at	the	central	pole	during	the	light-	on	compared	to	the	
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of	red	LED	light	on	EC	activity	for	P. pygmaeus	was	as	strong	as	the	
response	of	this	species	and	P. nathusii	 to	green	light	 in	a	previous	
experiment	(about	50%	increase,	Voigt	et	al.,	2017).	The	significant	
findings	for	P. pygmaeus	are	noteworthy,	as	at	our	study	site,	P. pyg-
maeus	 is	 less	abundant	than	P. nathusii	 (2%	vs.	84%	of	all	recorded	
EC	for	P. pygmaeus	and	P. nathusii,	respectively).	Therefore,	the	sig-
nificant	positive	effect	was	detected	with	a	far	lower	number	of	indi-
viduals	in	P. pygmaeus	compared	to	the	trend	observed	for	P. nathusii 
and	the	red	light	treatment.
The	 overall	 low	 hunting	 activity	 of	 migratory	 bats	 was	 simi-




traviolet	 light,	 and	not	 necessarily	 to	 light	 of	 the	 red	wavelength	
spectrum	(Rich	&	Longcore,	2013;	Van	Grunsven	et	al.,	2014;	Van	
Langevelde,	Ettema,	Donners,	Wallis	DeVries,	&	Groenendijk,	2011).	
The	 fact	 that	migratory	bats	captured	at	 the	study	site	appear	 to	






the	 red	LED	 light	at	 the	central	pole,	but	a	 significant	 increase	 in	
activity	 at	 the	 landside	pole.	As	 the	Nyctaloid	 group	 includes	not	
only	potentially	migratory	species	such	as	N. noctula,	N. leisleri	and	
V. murinus,	 but	 also	 nonmigratory	 and	 locally	 abundant	 species,	
namely	E. nilssonii,	 it	 is	 difficult	 to	 interpret	 the	 results,	 as	we	do	
not	know	which	of	the	lumped	species	caused	the	positive	effect.
Previous	studies	on	light	spectra	specific	response	of	bats	high-
lighted	 that	 bats	 do	 not	 respond	 to	 red	 light	 in	 any	 specific	 way,	
irrespective	 of	 their	 taxonomic	 affiliation	 (Spoelstra	 et	al.,	 2015,	
2017).	In	the	study	by	Spoelstra	and	colleagues,	species	of	the	genus	



















4.3 | Response to warm- white LED light
We	 did	 not	 observe	 an	 effect	 of	 warm-	white	 LED	 light	 on	 the	
acoustic	activity	of	the	two	species	of	Pipistrellus	and	of	bats	of	the	
Nyctaloid	 group	at	 the	central	pole.	An	 increased	acoustic	activity	




















bats	 to	 light	 sources	of	 these	wavelength	 spectra	was	not	 caused	
by	foraging.	The	most	likely	explanation	for	the	observed	higher	ac-
tivity	of	migratory	of	bats	at	red	and	green	light	sources	 is	a	 light-	
dependent	 “fixed	 direction”	 response	 (Wiltschko,	 Stapput,	 Thalus,	
&	 Wiltschko,	 2010;	 Wiltschko	 &	 Wiltschko,	 2009).	 Alternatively,	
migrating	bats	use	a	sensory	modality	for	 long-	distance	navigation	
that	is	vulnerable	to	light	of	specific	wavelengths,	yet	the	underly-
ing	mechanisms,	 particularly	 of	 a	 light-	dependent	magnetic	 sense,	
needs	 to	 obtain	more	 empirical	 support	 for	 bats	 in	 particular	 and	














the	 species	with	 the	highest	 collision	 risk	 at	wind	 turbines	 (Rydell	
et	al.,	2010,	Voigt	et	al.	2012,	2015)	and	our	study	suggests	that	this	
pattern	might	be	 influenced	by	 the	use	of	aviation	 lighting	on	 top	




might	present	 a	way	 to	mitigate	 the	negative	effects	of	ALAN	on	
migratory	 bats	 at	 wind	 turbines.	 Yet,	 further	 studies	 testing	 light	
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